Abstract. Information about the long-term trends of surface and tropospheric ozone is important for assessing the impact of ozone on human health, vegetation, and climate. Long-term measurements from East Asia, especially China's eastern provinces, are urgently needed to evaluate potential changes of tropospheric ozone over this economically rapid developing region. In this paper, surface ozone data from the Linan Regional Background Station in eastern China are analyzed and results about the long-term trends of surface ozone at the station are presented. Surface ozone data were collected at Linan during 6 periods between August 1991 and July 2006. The seasonality and the long-term changes of surface ozone at the site are discussed, with focus on changes in the diurnal variations, the extreme values, and the ozone distribution. Some long-term trends of surface ozone, e.g. decrease in the average concentration, increase in the daily amplitude of the relative diurnal variations, increase in the monthly highest 5% of the ozone concentration, decrease in the monthly lowest 5% of the ozone concentration, increase in the frequencies at the high and low ends of the ozone distribution have been uncovered by the analysis. All the trends indicate that the variability of surface ozone has been enhanced. Possible causes for the observed trends are discussed. The most likely cause is believed to be the increase of NO x concentration.
Introduction
Ozone is one of the key species in the atmosphere. It absorbs both solar UV and terrestrial IR radiation, therefore protects living organisms at the Earth's surface against the harmful solar UV radiation and influences the energy budget of the atmosphere (Staehelin et al., 2001 ). Tropospheric ozone is one of the greenhouse gases and governs oxidation processes in the Earth's atmosphere through formation of OH radical (Lelieveld et al., 2000) . Since OH controls the lifetime of many atmospheric species, including CH 4 , CO, VOCs, etc., changes in the abundance of ozone in the troposphere may have consequences in atmospheric chemistry and budget of other greenhouse gases. Moreover, high level of ozone in the boundary layer exerts negative influences on the human body, agricultural crops and natural vegetation (Chameides et al., 1999; Mauzerall et al., 2005) . Due to the above importance, long-term trends and the distributions of ozone in the troposphere have been intensively studied (e.g. Carslaw, 2005; Fiore et al., 1998 Fiore et al., , 2002 Fiore et al., , 2005 Fusco and Logan, 2003; Gardner and Dorling, 2000; Jonson et al., 2006; Lelieveld and Dentener, 2000; Logan et al, 1999; Low and Kelly, 1992; Lu and Zhang, 2005; Menezes and Shively 2001; Naja and Akimoto, 2004; Oltmans et al., 1998 Oltmans et al., , 2006 Qin et al., 2004; Simmonds et al., 2004; Tarasova et al., 2003; Vingarzan and Taylor, 2003) .
While stratospheric ozone displayed a clear depleting trend between the late 1970s and the middle of the 1990s and some signs of recover after that (Newchurch et al., 2003; Staehelin et al., 2001; WMO, 2003) , the situation regarding trends of tropospheric ozone is less clear. Although it is believed that global mean tropospheric ozone has increased from 25 DU to 34 DU since pre-industrial era, long-term changes of tropospheric ozone are highly variable and depend on region and on the time period considered (Logan et al., 1999; Oltmans et al., 1998; WMO, 2003) . The differences among regions appear to be especially large for the trends of surface ozone over the past three decades. A recent review (Vingarzan, 2004) shows that the surface ozone background trend is very inconsistent among monitoring stations. An increasing trend has been reported for 22 background stations, while a declining trend for 8 background stations. For many sites, no or mixed trends are reported of surface ozone (e.g. Logan et al, 1999; Low and Kelly, 1992; Tarasick et al., 2005; Vingarzan, 2004; . This inconsistence requires more observational studies in various regions, particularly those with high emissions of ozone precursors.
The large regional variations in ozone trends can be attributed to the large natural variability in the troposphere, but also to fewer good long-term sets of ozone measurements (Staehelin et al., 2001) . Ozone in the surface layer is highly variable due to its short lifetime there. Therefore a dense monitoring network with well-situated stations is needed to obtain reliable spatial-temporal distribution of surface ozone level. The background stations of the Global Atmosphere Watch (GAW) are suitable sites for monitoring the long-term change of surface ozone because they are usually situated at places less directly influenced by anthropogenic emissions. However, the background stations are quite unevenly distributed among different parts of the world (see http://www.empa.ch/gaw/gawsis/). Most background stations with long-term monitoring of surface ozone are located in North America and Europe, while only a few are located in some other important parts of world, e.g. East Asia. So far, studies of long-term trends of tropospheric ozone in East Asia are mainly based on ozonesonde data over Japan (Oltmans et al., 1998; Logan et al., 1999; Naja and Akimoto, 2004 ) and on MOZAIC aircraft data obtained in northern China (Ding et al., 2008) . Long-term measurements from other parts of East Asia, especially China's eastern provinces, are urgently needed to evaluate potential changes of tropospheric ozone over this economically rapid developing region. Surface ozone has been observed at two mountain sites in East China since 2004 and data indicate that the ozone level at the sites may be strongly influenced by anthropogenic sources in the surrounding areas . In this paper, we present results about long-term trends of surface ozone at a background site in eastern China. We focus on the long-term changes in the variability of surface ozone at the site. Besides the trend of surface ozone level, we discuss the long-term changes of the diurnal variation of surface ozone, which have seldom been touched by earlier studies.
Site and observations
Data used in this study were collected at the Linan Regional Background Station (30 • 18 ′ N, 119 • 44 ′ E, 139 m a.s.l.), one of the regional GAW stations in China, established and operated by China Meteorological Administration (CMA). The station is located in the Yangtze Delta region, one of leading regions in economic growth in China. There are a few large cities in the E-NNW sector to Linan, with the nearest and largest being Hangzhou (∼50 km easterly) and Shanghai (∼210 km northeasterly), respectively. About 10 km to the south of the Linan station is the Linan Township with a population of approximately 50 thousands. More details about the site Linan are given in .
To show the origins of air masses arriving at Linan, 5-day backward trajectories were computed every 6 h (at 00:00, 06:00, 12:00, and 18:00 UT) for the years 2005-2006 for 100 m above ground over Linan using the HYSPLITT 4 model (Draxler and Hess, 1997) . Cluster analysis was applied to all trajectories of each season. Figure 1 displays the trajectory clusters of different seasons. In winter (DecemberFebruary), the site is predominately influenced by air masses from the north. In spring (March-May), nearly 50% of the air masses arriving at Linan originate from the north, 10.5% from the East China Sea, 29.2% from Shanghai and Zhejiang Province, the rest 11.2% from Southern China. In summer (June-August), nearly 70% of the air masses originate from marine areas (South China Sea, Pacific Ocean, and Yellow Sea), indicating very strong effect of Asian summer monsoon. In fall (September-November), northerly streams dominate and marine air masses can still be transported to the site, but not as frequent as in summer.
Continuous long-term observation of surface ozone at Linan was started on 16 July 2005. Before that time surface ozone was measured at the station for several periods. Table 1 for details). The TEI Model 49 and Dashibi Model 1003AH have a lower detection limit of 2 ppbv and a precision of 2 ppbv, while the TEI Model 49C has a lower detection limit of 1 ppbv and a precision of 1 ppbv. The NO x analyzers have a precision of 0.4 ppbv and the lower detection limits for Model 42S, 42C, and 42CTL are 0.05 ppbv, 0.4 ppbv, and 0.05 ppbv, respectively.
The comparability of the data from different periods is a prerequisite for the correctness of our results. During the different periods the instruments were calibrated at somewhat different intervals and using different methods. For the PEM-WEST A and B campaigns, the instruments were calibrated on-site in the beginning, at about the half time, and at the end of the campaigns. During the period August 1994 to July 1995 multi-point calibration of the ozone analyzer was performed on-site in the beginning and about every 3 months using the gas phase titration method and the NO standard from US EPA. The NO x analyzer had technical problems before 2 April 1995 and after 31 May 1995. Therefore the NO x data from August 1994 to March 1995 and from May to July 1995 are not used in this paper. The NO x analyzer was calibrated on 2 April 1995. For the China-MAP and ACE-Asia campaigns (June 1999 to June 2001), the ozone analyzer and the NO x analyzer were checked on a daily basis using an internal Yan et al. (1997) Jun 1999 Table 1. ozonator and a NIST traceable standard (Scott-Marrin Inc., California, USA), respectively. Multi-point calibrations were performed at roughly 3-month intervals. More details about the instrument calibrations during this period are given in related publications Wang et al., , 2004 . For the SCAB campaign (October to December 2003) , the ozone and NO x analyzers were zero-checked every week and calibrated on-site in the beginning using an ozone calibrator (TEI Model 49CPS) and a NO standard (National Centre for Standard Materials, Beijing, China), respectively. For the operational long-term observation since July 2005, zero checks of all analyzers have been made on a daily basis using a zero gas generator (TEI Model 111). The ozone and NO x analyzers have been span-checked daily using NO standard (Institute for Standard Materials, SEPA, Beijing, China) and the internal ozone source of a multi-gas calibrator (TEI Model 146C). Multi-point calibrations of the ozone analyzer were performed on 15 Raw data of surface ozone were recorded every 5 min for the period July 2005 to July 2006 and every 1 min for all other periods. Calibration data and outliers related to malfunction of the data acquisition devices or ozone analyzers were removed from the high resolution raw data. In addition, failure of electricity occurred occasionally, leading to more gaps in the dataset. The estimated data capture (the number of total retained data points divided by that of total potential data points for each period) was in the range of 76.7%-95.0% (see Table 1 ). Hourly mean concentrations were calculated from the retained high resolution data and are used for further calculations in this paper. demonstrates that the patterns, the annual amplitudes, and positions of maxima and minima of the seasonal cycles in surface ozone changed from period to period. To obtain average seasonal cycle the monthly mean ozone concentrations from different periods (including shorter periods) are averaged for each month of the year. Figure 2 shows the average seasonal variation. The seasonal cycle shows two peaks, with the primary being in May and the secondary in October. Between the two peaks there is a valley around July. This is attributed to Asian summer monsoon, which transports maritime air masses with low ozone concentration to and causes rainy weather in the region , see Fig. 1 ). The summer valley of surface ozone concentration has been observed also at some other Eastern Asian sites (e.g. Ghim and Chang, 2000; Lam et al., 2001; Li et al., 2007; Pochanart et al, 2002; Naja and Akimoto, 2004; Yamaji et al., 2006) .
3.2 Long-term variation of surface ozone for the monthly average can be estimated by linear regression, suggesting that the concentration of surface ozone at Linan has been decreasing at a moderate rate. The trend for the monthly median is significant at 0.05, while that for the monthly average is less significant. The trends obtained as above should be viewed with caution as they might have been distorted by the large gaps and inhomogeneous distribution of the data points in the time series of surface ozone. Since some observation periods covered only 2-4 months and strong seasonality exits in the concentration of surface ozone at Linan (see Fig. 2 ), there may be artifact in the estimated trends. To avoid this potential problem, data from same time periods of different years are compared as an alternative method of deriving the ozone trend. Limited by the availability of data, such comparison cannot be done for all seasons but fall and late winter. Linear trends of −(0.51±0.49) ppbv yr −1 (r 2 =0.26) and −(1.40±0.57) ppbv yr −1 (r 2 =0.67) can be obtained by applying least-square fit to the average ozone concentrations for 20 August to 7 November of 1991, 1994, 1999, 2000, and 2005 and to those for February of 1993 February of , 1995 February of , 2000 February of , 2001 February of , and 2006 , respectively. Although these trends are of low or moderate significance, they indicate a decreasing trend of surface ozone, in agreement with the results from the analysis of the whole dataset. Therefore it is likely that the average concentration of surface ozone at Linan has been decreasing at a moderate rate since the early 1990s.
Long-term trends of diurnal variations
To see the long-term changes in the diurnal variation of surface ozone at Linan, seasonal average diurnal variations are calculated from the hourly mean data of the corresponding seasons. The periods 1 March-31 May, 12 June-18 July, 1 September-7 November, and 1 December-28 February, are selected to represent spring, summer, fall, and winter, respectively. It should be noted that limited by the availability of data, the periods 12 June-18 July and 1 September-7 November cover only partially summer and fall days, respectively. The seasonal average diurnal variations relative to the corresponding average ozone concentrations (see Table 2 ) are calculated and shown in Fig. 4 . As can be seen in this figure, the pattern of the average diurnal variations does not change substantially from period to period. Surface ozone reaches the lowest level between 06:00 and 08:00, increases rapidly to the maximum at about 15:00, and then decreases gradually to the minimum in the early morning of next day. Similar patterns of diurnal variation of surface ozone were observed at many other sites, where photochemistry contributes significantly to the fluctuation of surface ozone (e.g. Ghim and Chang, 2000; Saitanis, 2003; Dueñas, 2004; . The diurnal patterns of surface ozone at Linan, together with the large amplitudes, indicate that photochemical formation of ozone is one of the important factors in the Yangtze Delta region, at least in the warmer seasons. It is noteworthy that there are apparent differences between the daily amplitudes of the relative diurnal variations for different years. The spring data in Fig. 4 show the lowest daily amplitude in 1995, a large increase of the daily am- Figure 5 shows the long-term changes in the daily maximum and minimum of the relative diurnal variations of surface ozone at Linan, displaying in another way the increase tendency in the daily amplitude of surface ozone. As can be seen from Fig. 5 , in all seasons the maximum of the relative diurnal variation has been increasing and the minimum decreasing. Linear trends of the maximum and minimum values are obtained by applying leastsquare fit to the data. The maximum value shows increase rates of 2.0% yr −1 (α<0.2), 2.7% yr −1 (α>0.2), 2.4% yr −1 (α<0.05), and 2.0% yr −1 (α<0.05) for spring, summer, fall, and winter, respectively. The minimum value shows decrease rates of 0.8% yr −1 (α>0.2), 2.5% yr −1 (α<0.1), 1.8% yr −1 (α<0.05), and 0.6% yr −1 (α<0.05) for spring, summer, fall, and winter, respectively.
In summary, some long-term changes in the diurnal variations of surface ozone at Linan have occurred since the early 1990s. These changes are (1) increase of the relative diurnal maximum, (2) decrease of the relative diurnal minimum, and (3) increase of the daily amplitude of surface ozone in all seasons. In other words, the variability of surface ozone at Linan has been enhanced over the last 15 years, with the daily maximum of surface ozone getting higher and the daily minimum getting lower. Table 2 ), so that the values are dimensionless.
Long-term trend of extreme values
In the previous section the long-term changes in the variability of surface ozone at Linan are demonstrated using the data of relative diurnal variation. In this section, the longterm changes are illustrated using the observed extreme values of surface ozone at the station. Values greater than the 95-percentile of the hourly mean ozone concentrations in a month are averaged to obtain the average of the monthly highest 5%, while values lower than the 5-percentile are averaged to obtain the average of the monthly lowest 5%. Nearly 96% of the values greater than the 95-percentiles occurred in daytime (Beijing Time 08:00-20:00) and 86% of the values lower than the 5-percentiles occurred during the night (Beijing Time 20:00-08:00). Figure 6 shows the averages of the monthly highest 5% and lowest 5% of the hourly mean ozone concentrations at Linan. As can be seen in the figure, the data points are much scattering, especially those of the monthly highest 5%, nevertheless, we performed leastsquare fitting to the data to obtain the trends of both types of extreme values. The slopes of the two regression lines (gray dashed line and red solid line in Fig. 6 ) indicate that the highest and lowest values of surface ozone at Linan have different trends. The average of the monthly highest 5% has increased at a rate of 0.68 ppbv yr −1 , while the average of the monthly lowest 5% has decreased at a rate of 0.53 ppbv yr −1 . It should be noted that the trend of the highest 5% values is less significant (α>0.05) due to strong variations in the values. Inspecting the colored points of the highest 5% values for different seasons, one can recognize that the larger scattering can be attributed partly to the seasonal differences. The winter values are far apart from the group. While data from other seasons show an increasing trend, the winter data show a decreasing trend of 1.4 ppbv yr −1 (α<0.05). The most rapid increase has occurred in the monthly highest 5% in summer, with a rate of 1.8 ppbv yr −1 (α<0.05).
In consequence of the above long-term changes the distribution of the concentration of surface ozone at Linan has changed significantly since about a decade. Figure 7 shows the distributions of the hourly mean concentrations of surface ozone at Linan, for the 1994-1995, 1999-2001, and 2005-2006 periods, respectively. Effective hourly mean data points from periods 1994-1995, 1999-2001, and 2005-2006 are 6325, 14 677, and 8779, respectively. As can be seen in Fig. 7 and the blowup in it, the leftmost part of the distribution curve has shifted towards left and the rightmost towards right, suggesting that both extreme low and extreme high concentrations have become more frequent and the ozone concentration has become more variable. It is also noteworthy that the shift towards the low end of the distribution was stronger than the shift towards the high end, i.e. more and more data points are distributed in the lower ozone concentration range and less and less in the higher ozone concentration range. In consequence of these shifts, the peak of the distribution curve of surface ozone has shifted towards lower value despite an increase in variance of ozone concentration.
Possible causes for the observed long-term trends
Surface ozone is closely related to many processes, such as photochemistry, dry deposition, transport, etc. It is well known that NO x are key species for the variation of tropospheric ozone. In the presence of sufficient sunlight NO x catalyze the photochemical oxidation of VOCs and other species to form ozone. During nighttime and in the cold seasons with no or less intensive sunlight NO x remove ozone through titration reaction, in which NO reacts with ozone to form NO 2 . Therefore changes in the NO x emission may have different effects on the variability of surface ozone, depending on time and location. Theoretically, if other conditions remain stable, a larger or smaller NO x emission can lead to enhancement or reduction in the variability of surface ozone. Indeed a few studies (e.g. Lefohn et al., 1998; Lin et al., 2000; TOR-2, 2003; Solberg et al., 2004; Ordóñez et 1994-1995, 1999-2001, and 2005-2006 . The frequencies are values relative to the total numbers of data points from different periods (see text for details). The blow-up shows the details of the right tails of the distributions. The blue and red arrows indicate the respective shift directions of the leftmost and rightmost parts of the distribution curves, and the black arrow indicates the shift direction of the peak of the distribution curves. al., 2005; Chou et al., 2006; Jonson et al., 2006) show either a decrease in high ozone concentrations or an increase in low ozone concentrations or both, consistent with the local decline in NO x emission. These changes reduce the variability of surface ozone. To our best knowledge there has been virtually no previous study showing enhancement in the variability of surface ozone at background site as a result of increasing NO x level. We believe that the enhanced variability of surface ozone shown in Sects. 3.3 and 3.4 is such an example.
The Yangtze Delta region, in which Linan is located, is one of most densely populated and industrialized regions in China. Booming economy in and outside the region has been causing significant increase in the emissions of some key pollutants (Streets et al., 2003) . As a result, the atmospheric concentrations of the pollutants have been increasing. Richter et al. (2005) and report a large increase of the tropospheric column of NO 2 over East Central China. In situ measurements show that NO x concentration at Linan has been increasing since 1992, as shown in Fig. 8 NO x concentration at Linan is estimated to be 0.51 ppbv yr −1 (Fig. 8) . Interestingly, this NO x trend is close to the decrease rate of the monthly lowest 5% and the increase rate of the monthly highest 5% of ozone concentration (see Fig. 6 ). From August 1999 to July 2006 the NO x concentration at Linan increased at a rate of about 3.2% yr −1 . This growth rate is large enough to have significant impacts on surface ozone. Luo et al. (2000) pointed out that ozone formation in rural areas in the Yangtze Delta region is NO x -limited. reported a positive correlation between ozone and NO x during afternoon hours at Lin'an in summer months, providing observational evidence for the NO xlimited chemistry. Therefore the increasing trend of NO x may have caused more daytime production of ozone, especially during warmer months, and more titration of ozone during nighttime and cold months. These effects are consistent with the phenomena discussed in Sects. 3.3 and 3.4. To further support this idea, the monthly lowest 5% of ozone in colder months (November to April) and the monthly highest 5% of ozone in warmer months (May to October) are compared with the corresponding monthly mean NO x concentration. Figure 10 shows the results of these comparisons. The monthly lowest 5% of ozone in colder months is negatively correlated to the monthly mean NO x concentration (α<0.01), while the monthly highest 5% of ozone in warmer months is positively correlated to the monthly mean NO x concentration (α<0.05). Hence it is likely that the observed long-term trends in the variability of surface ozone at Linan are mainly caused by the increase of NO x concentration in the Yangtze Delta region.
It should be noted that some other factors may also have contributed to the changes in the variability of surface ozone. These factors include increasing emission of NMHCs, stratospheric ozone depletion, etc. Indeed measurements show that the total concentration of NMHCs at Linan tripled in the decade from 1994 to 2004 . The increase of NMHCs concentration may have con- tributed to more photochemical production of ozone. However, it is unlikely that this increase have caused a significant decreasing trend of the low end of the ozone distribution. The temperature at Linan has been quite stable (with change <0.008 • C yr −1 ) since 1991, so that it cannot be a cause of the trend in the variability of surface ozone. Secular changes (if any) in transport and dry deposition of ozone would have influenced the ozone concentration at Linan. However, it is unclear whether or not such changes have occurred. Moreover, it seems to be unlikely that the changes in transport and dry deposition can explain all the trends shown in Sects. 3.3 and 3.4.
Conclusions
In this paper we present some long-term trends of the features of surface ozone at Linan including: a decrease in the average concentration, an increase in the daily amplitude of the relative diurnal variation, an increase in the monthly highest 5% and a decrease in the monthly lowest 5% of the ozone concentration, and an increase in the frequencies at the high and low ends of the ozone distribution. All the trends indicate that the variability of surface ozone has been enhanced. We believe that the enhanced variability of surface ozone is mainly caused by an increase of NO x concentration or emission in the Yangtze Delta region, in which Linan is located. Because this study is based on the intermittent measurements made during several periods in the last 15 years, modeling studies are needed to better understand the observed trends and their causes. The increase in the extreme high concentration may have negative impact on human health and vegetation and can also change the oxidizing capacity on which atmospheric chemistry highly depends. Therefore monitoring of surface ozone at the site should be continued and control measures should be taken to avoid further exacerbation of ozone pollution.
